We recently developed a novel approach for making oil-core silica-shell nanocapsules using designed bifunctional peptides (also called biomineralizing peptide surfactants) having both surface activity and biomineralization activity. Using the bifunctional peptides, oil-in-water nanoemulsion templates can be readily prepared, followed by the silicification directed exclusively onto the oil droplet surfaces thus the formation of silica shell. To explore their roles in the synthesis of silica nanocapsules, two bifunctional peptides AM1 and SurSi were systematically studied and compared. The peptide AM1, which was designed as a stimuli-responsive surfactant, demonstrated a quick adsorption kinetics with a rapid decrease of the oil-water interfacial tension, thus resulting in the formation of nanoemulsions with a droplet size as small as 38 nm. Additionally, the nanoemulsions showed good stability over four weeks because of the formation of a histidineZn 2+ interfacial network. In comparison, the peptide SurSi which was designed by modularizing an AM1-like surface-active module with a highly cationic biosilicification-active module was unable to effectively reduce the oil-water interfacial tension due to its high molecular charge at neutral pH. The slow adsorption resulted in the formation of less stable nanoemulsions with a larger size (60 nm) than that of AM1. Besides, both AM1 and SurSi were found able to induce biomimetic silica formation. SurSi produced well dispersed and uniform silica nanospheres in the bulk solution, while AM1 only generated irregular silica aggregates. Consequently, well-defined silica nanocapsules were synthesized using SurSi nanoemulsion templates, whereas silica aggregates instead of nanocapsules predominated when templating AM1 nanoemulsions. This finding indicated that the capability of peptide surfactants to form isolated silica nanospheres might play a role in the successful fabrication of silica nanocapsules. This fundamental study provides insights into the design of bifunctional peptides for making silica nanocapsules.
ABSTRACT
We recently developed a novel approach for making oil-core silica-shell nanocapsules using designed bifunctional peptides (also called biomineralizing peptide surfactants) having both surface activity and biomineralization activity. Using the bifunctional peptides, oil-in-water nanoemulsion templates can be readily prepared, followed by the silicification directed exclusively onto the oil droplet surfaces thus the formation of silica shell. To explore their roles in the synthesis of silica nanocapsules, two bifunctional peptides AM1 and SurSi were systematically studied and compared. The peptide AM1, which was designed as a stimuli-responsive surfactant, demonstrated a quick adsorption kinetics with a rapid decrease of the oil-water interfacial tension, thus resulting in the formation of nanoemulsions with a droplet size as small as 38 nm. Additionally, the nanoemulsions showed good stability over four weeks because of the formation of a histidineZn 2+ interfacial network. In comparison, the peptide SurSi which was designed by modularizing an AM1-like surface-active module with a highly cationic biosilicification-active module was unable to effectively reduce the oil-water interfacial tension due to its high molecular charge at neutral pH. The slow adsorption resulted in the formation of less stable nanoemulsions with a larger size (60 nm) than that of AM1. Besides, both AM1 and SurSi were found able to induce biomimetic silica formation. SurSi produced well dispersed and uniform silica nanospheres in the bulk solution, while AM1 only generated irregular silica aggregates. Consequently, well-defined silica nanocapsules were synthesized using SurSi nanoemulsion templates, whereas silica aggregates instead of nanocapsules predominated when templating AM1 nanoemulsions. This finding indicated that the capability of peptide surfactants to form isolated silica nanospheres might play a role in the successful fabrication of silica nanocapsules. This fundamental study provides insights into the design of bifunctional peptides for making silica nanocapsules.
INTRODUCTION
Nanomaterials having a core-shell architecture have been intensively studied in the past decades due to their unique properties such as a large inner cavity and a high loading-capacity. [1] [2] [3] Among these emerging materials, silica-based nanocapsules are of great industrial and research interests because they synergistically combine the properties of both silica (e.g., biocompatibility, 4 mechanical robustness 5 and easy surface functionalization 6 ) and the core-shell structure.
Compared to solid and mesoporous silica nanoparticles, which can only accommodate active molecules either on the particle surface or inside the pores within the mesoporous structure, thus having limited loading capacities and uncontrolled burst release, silica nanocapsules have been used to encapsulate various active substances (drugs, 1, 5 pesticides, 7 fluorescent dyes, 8 magnetic nanoparticles, 9 and semiconductors 10 ) within their core domain to allow sustained release capability and a protective environment, which promises the potential applications of silica nanocapsules in bio-imaging, chemical sensing and targeted drug delivery.
Templated synthesis is the most commonly employed method for making silica nanocapsules.
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It generally involves four main steps: (1) preparation of either hard (e.g., polystyrene 11 and iron oxides 12 ) or soft (e.g., bacteria, 13 vesicles, 14 gas bubbles 15 and emulsion droplets 7 ) templates; (2) functionalization of the template surfaces to facilitate the silicification (if applicable); (3) condensation of the silica exclusively on the template surfaces to form a compact shell; and (4) selective removal of the templates. Among these processes, step (4) is regarded as challenging and time-consuming for hard templates, because it always involves the employment of hightemperature calcination and/or toxic dissolving-agents, which can possibly result in the rupture of the silica shell. 1, 3, 11 In contrast, soft template strategy offers less harsh ways of removing templates through evaporation or dissolution in mild solvents such as ethanol, thus has attracted considerable attention in recent years. 1 Additionally, in order to promote the growth of silica shell at interfaces (step (3)), various approaches have been explored based on a sol-gel process, such as Stöber and reverse microemulsion methods. 5 Although these methods are able to effectively facilitate the formation of silica shell, they often involve using toxic chemicals and harsh synthetic conditions (e.g., elevated temperature, extreme acidic/basic pH), which are usually harmful to our environment. Therefore, a more sustainable and biocompatible approach is urgently needed for making silica nanocapsules, especially for agricultural, cosmetic, pharmaceutical and medical applications.
The discovery of biosilicification in marine organisms has provided an alternative environmentally-friendly strategy of silica formation. Specifically, diatoms 16, 17 and sponges 18, 19 were found able to generate silica-based exoskeletons and spicules under benign conditions, and proteins silaffin and silicatein isolated from their cells were proved to play important roles in the formation of these structures. 16, 19 Study on these proteins revealed their distinct sequence feature, such as densely packed with hydroxyl amino acids (e.g., serine, tyrosine) and/or cationic amino acids (e.g., lysine, arginine, histidine), and further studies confirmed that these amino acid residues can interact with silica precursors through either hydrogen bond formation or electrostatic attraction, thus promoting the nucleation and subsequent growth of silica. 16, 17, 20 In this regard, a number of amino acid-based catalysts, such as peptide R5, 21 poly-lysine 22 and block copolypeptides 23 have been employed to induce silica formation at ambient temperature and neutral pH, which offered a new approach for making silica-based nanomaterials. Graf et al. 24 reported the successful formation of silver-core silica-shell nanoparticles by modifying the silver nanoparticles with a designed tripeptide, cysteine-lysine-lysine. Park et al. 13 designed an arginine-and cysteine-rich peptide that can adsorb to the surface of yeast cells and facilitate the formation of cytoprotective silica shells.
We recently developed a novel and facile method, namely, a nanoemulsion and biosilicification dual-templating technology, for making silica nanocapsules. 7 This technology is based on the design of bifunctional peptides by modularizing a surface active peptide with a biomineralizing amino acid sequence. The preparation of oil-in-water nanoemulsions facilitated by the surface active domain along with the formation of silica shell at the oil-water interface induced by the catalytic peptide sequence led to the formation of oil-core silica-shell nanocapsules at room temperature and near-neutral pH without using any toxic reagents. Furthermore, hydrophobic active components can be loaded by directly dissolving in the oil phase prior to the formation of nanoemulsions and silica shells, allowing a high-capacity pre-loading strategy. Additionally, the silica shell thickness can be tuned by controlling the reaction time and silica precursor concentration, endowing a shell-thickness dependent sustained-release profile. 7 The development of this dual-templating technology provides a unique opportunity to expand molecular and engineering knowledge across the fields of sol-gel chemistry, interface science, biomolecular engineering and biomimetic synthesis. By taking advantage of our capability in precisely tuning the molecular properties and functions of the designed peptides, we attempted to discover the fundamental links between the sequence design of bifunctional peptides and their interfacial properties as well as biosilicification activities, aiming to gain better understanding and control over the fabrication of silica-based nanocapsules. Therefore, in this study, two different peptide designs (i.e., AM1 and SurSi) were studied and compared systematically, including their surface activities, their abilities in making nanoemulsions and their stability, as well as their biomimetic silification activities both in bulk and at oil-water. The findings in this study will generate a deeper understanding of the fundamental mechanisms of this dual-templating method we developed, which will in turn provide a theoretical guidance for the further design of bifunctional peptides and the synthesis of other core-shell materials with desirable properties. Oil-Core Silica-Shell Nanocapsules. Nanoemulsion with a peptide concentration of 400 µM (either AM1 or SurSi) was prepared following the procedures aforementioned, and then was dialyzed in HEPES buffer (25 mM, pH 7.5) with a molecular weight cut-off of 10 kDa (SnakeSkin Dialysis Tubing, Thermo Fisher Scientific, Australia) for 20 h to remove the residual peptide in the bulk solution. An aliquot of dialyzed nanoemulsion (400 µL) was then transferred into a 4-mL glass vial containing 32 µmol TEOS. Hydrolysis and condensation of TEOS were conducted in the presence of the nanoemulsion under magnetic stirring at room temperature for 30 h.
EXPERIMENTAL SECTION

Materials
Characterization. Dynamic Light Scattering (DLS).
Size distribution and zeta potential of the nanoemulsion were measured by DLS using a Malvern Zetasizer Nano ZS (Malvern Instrument, UK) at a scattering angle of 173° and a temperature of 25 °C. Samples were diluted by a factor of 50 for measurement to avoid multiple scattering effects.
Transmission Electron Microscopy (TEM). Morphology of the silicification products was
observed by TEM using a JEOL 1010 transmission electron microscope (JEOL, Japan) operated at 100 kV. To prepare TEM specimens, suspensions of silicification products (2 µL) were placed onto Formvar-coated copper grids (ProSciTech, Australia) and the grids were then dried in air.
The size of the nanocapsules was analyzed by using iTEM software (version 3.2, Soft Imaging System GmbH).
RESULTS AND DISCUSSION
Design of Two Different Peptides. Two peptides AM1 and SurSi were designed in our lab based on distinct principles. The peptide AM1 (Ac-MKQLADS LHQLARQ VSRLEHA-CONH2)
was designed 25 as a stimuli-responsive surfactant, based on a well-studied amphipathic peptide Lac21 (Ac-MKQLADS LMQLARQ VSRLESA-CONH2). Like its parent sequence Lac21, AM1
shows excellent surface activity as it can adsorb quickly at the interface and decrease the interfacial tension dramatically. Moreover, the two metal-binding histidine residues located at positions 9 and 20 allow the formation of a cohesive interfacial network at the interface in the presence of metal ions such as Zn 2+ , which not only enhances the stability of foams and emulsions, but also provides them with a switching mechanism either by adding chelating agents or by pH. 26 At the same time, as demonstrated by previous studies, peptides and proteins bearing hydrogen bond forming residues (e.g., glutamine, serine) and/or cationic residues (e.g., arginine, histidine, lysine), which are present in the AM1 sequence, were able to induce silicification through interactions with silica precursors. 16, 17, [27] [28] [29] Additionally, a pair of serine-histidine has also been proved critical in biomimetic silicification. 18, 20 This is consistent with an earlier study that the serine-histidine pair in AM1 were believed to catalyze the TiO2 biomineralization. 30 Based on these considerations, AM1 is expected to be able to facilitate the biomimetic formation of silica.
The peptide SurSi (Ac-MKQLAHS VSRLEHA RKKRKKRKKRKKGGGY-CONH2) 7 adopted a dual-module design by modularizing a sequence consisting two heptads (MKQLAHS VSRLEHA) of AM1 for surface activity (i.e., Sur module), with a highly cationic peptide sequence (RKKRKKRKKRKKGGGY) for biosilicification activity (i.e., Si module). This modular design allows facile synthesis of silica nanocapsules in two sequential steps, i.e., formation of oil-in-water nanoemulsion templates followed by the interfacial biosilicification.
Surface Activity. It is of importance to investigate the surface activity of peptides AM1 and SurSi, as it strongly affects the size and size distribution of the prepared nanoemulsion templates, which will further determine the corresponding properties of the synthesized silica nanocapsules.
The interfacial tension kinetics of Miglyol 812 oil droplets in the peptide solutions were studied and compared for AM1 and SurSi. at pH 7 calculated using Eq 1 are 13.44 and 1.23, respectively. Therefore, in contrast to AM1, the electrostatic repulsion between SurSi molecules is much stronger, leading to their slow adsorption from the bulk solution to the oil-water interface, hence the slow dropping of the interfacial tension.
Moreover, when 400 µM SurSi was used, the equilibrium of interfacial tension was still relatively high, which was assumed to be the result of a low surface coverage of SurSi on the interface. 31 As shown in a previous study, the highly negatively charged peptide Lac21E (pI 3.95) was less surface active at neutral pH, but became very surface active with a lower interfacial tension at the same concentration when the pH was dropped to 3, which is close to its pI. 34 The corresponding neutron reflectometry experiment demonstrated a high surface coverage at pH 3 and depopulation of the peptide molecules from the interface at neutral pH, which in turn explained the significant drop of the interfacial tension from neutral pH to pH 3. Based on the finding of Lac21E, the interfacial tension of SurSi at higher pH conditions (pH 10.3 and 11.8 at which the theoretical net charges of SurSi are 8.8 and 0, respectively) was investigated ( Figure 2 ). Although the interfacial tension did not experience an initially rapid reduction, it decreased much faster compared to that at pH 7 i.e., from a starting point of 26.0 mN/m to a very low level of only 9.9 and 6.9 mN/m by 200 s at pH 10.3 and 11.8, respectively. This result confirmed the presence of the strong electrostatic repulsion between SurSi molecules at neutral pH and showed that reducing the molecular net charge by simply adjusting the pH can result in faster adsorption and higher surface coverage of surfactant molecules at the interface. In fact, the Sur module of SurSi was designed by using only two of the three heptads of AM1 in order to promote fast adsorption, as the square of interfacial adsorption rate is inversely proportional to the molecular weight of peptide. 7 However, compared to molecular weight, the intermolecular electrostatic interaction of SurSi turns out to be much more prominent in affecting its surface activity ( Figure 2 ). Contraction experiments were further carried out using the peptide solutions (20 µM) in the presence of Zn 2+ to visually observe the formation of interfacial network ( Figure 3 ). For AM1+ Zn 2+ at pH 7, the oil droplet shape remained almost unchanged after 30-min of aging (Figure 3a) , but when the droplet shrunk rapidly by sucking out the oil through a needle, the droplet surface became wrinkled which, to some extent, confirmed the presence of a viscoelastic interfacial film because of the interaction between histidine (H) and Zn 2+ . 25, 26 In contrast, for SurSi + Zn 2+ at pH 7, no wrinkle was observed as the droplet shrunk, suggesting that no substantial film was formed at the droplet surface (Figure 3b ). This was mainly due to the low surface coverage of SurSi at pH 7, as previously explained, thus the adjacent molecules were too distant to be connected by the histidine-Zn 2+ interaction. droplets were subjected to a sudden contraction in volume, and the images were acquired using the drop shape analysis system. Nanoemulsion Properties. The successful fabrication of silica nanocapsules depends on the formation of nanoemulsions having good size distribution and stability during the biosilicification process, hence it is important to understand the basic properties of the nanoemulsions (i.e., size and zeta potential) and their stability over a period of time.
Nanoemulsion preparation vs. peptide concentration.
To study the effect of peptide concentration on the properties of the produced nanoemulsions, Miglyol 812 oil-in-water nanoemulsions were prepared using a series of peptide concentrations (50, 100, 200, 400 and 800 µM). The number-averaged diameter (dn) and zeta potential data for the nanoemulsions prepared using AM1 (Figure 4a ) and SurSi (Figure 4b ) are presented in Figure 4 . At a concentration of 50 µM AM1, the dn of the nanoemulsion is approximately 160 nm, and it decreases monotonously as the concentration increases, reaching 38 nm at 800 µM of AM1. SurSi is also capable of facilitating the formation of nanoemulsions despite its slow adsorption and the high interfacial tension at neutral pH, but the sizes of nanoemulsions are larger than that of AM1 at the same concentrations.
In addition, similar to AM1, the dn of SurSi nanoemulsions also decreases monotonously with the SurSi concentration, from 180 nm at 50 µM to 60 nm at 800 µM. The droplet size of an emulsion depends on various factors, such as energy input, adsorption kinetics and surfactant concentration. 35, 36 At the same surfactant, when the energy input is fixed, the droplet size solely relies on the surfactant concentration until the droplet interface is saturated.
Therefore, the decrease of droplet size with increasing concentration was observed for both AM1
and SurSi, and this decreasing trend became less pronounced at a high concentration region (after 400 µM). This finding is similar to an earlier report by Tcholakova et al. 35 that the effect of emulsifier concentration on the mean diameter of emulsion droplets became negligible after it exceeded a certain value. In the meantime, as the adsorption rate of SurSi is much slower than that of AM1, the droplet sizes of SurSi nanoemulsions were found bigger than that of AM1 at the same concentrations.
The zeta potentials of both AM1 and SurSi nanoemulsions showed an overall rising trend as the concentration of peptides increased. Nanoemulsion prepared using 50 µM AM1 already displayed a quite high zeta potential (+44 mV), which then grew to +63 mV at 400 µM AM1 and remained relatively stable at around +60 mV when further increased the AM1 concentration to 800 µM. In comparison, the zeta potentials of nanoemulsions made by 50 and 100 µM of SurSi were only +21 mV, and increased steadily to +33 mV at 800 µM of SurSi. The SurSi nanoemulsions gave lower zeta potentials than that of AM1 at the same concentrations (Figure 4b ), even though SurSi is more positively charged, which we believe is mainly due to the higher surface coverage of AM1 molecules on the droplet surface. The contribution of chelated Zn 2+ is negligible as the nanoemulsions using AM1 and AM1 + Zn 2+ (at an AM1 concentration of 400 µM) have the same zeta potential values at 64 ± 1 mV.
Nanoemulsion Stability. Droplet size and zeta potential of AM1 and SurSi nanoemulsions were monitored for 28 days at either room temperature or 4 °C to investigate their stabilities. Figure 5 demonstrates the size and zeta potential evolutions of AM1 nanoemulsions as a function of time.
dn of the 50 µM AM1 nanoemulsion grew dramatically from 160 to 340 nm (at room temperature, Figure 5a ) and to 270 nm (at 4°C, Figure 5b ) in the 28 days, indicating that this concentration was insufficient to effectively stabilize the nanoemulsion. In comparison, AM1 nanoemulsions at a concentration of 100 µM or higher experienced a much smaller size increase when stored at either room temperature or 4 °C, reflecting better emulsion stabilities. This is due to the effective formation of AM1-Zn 2+ interfacial network on the droplet surface at these higher concentrations, which is capable of slowing down droplet coalescence. 25 Zeta potential evolution profiles were also observed for the AM1 nanoemulsions stored at either room temperature (Figure 5c ) or 4 °C (Figure 5d ). Corresponding to its notable size variation, zeta potential of the nanoemulsion prepared with 50 µM AM1 also experienced a significant change, increasing from +45 to around +63 mV at both storage temperatures. As the AM1 concentration increased, the zeta potential increments of the nanoemulsions became less significant, until a stable value of +62 ± 2 mV was recorded during the aging when the concentration reached 400 µM or higher (800 µM). Silica Nanocapsules. As demonstrated in the above experiments, AM1 and SurSi exhibited different surface activity and biosilicification activity due to their distinct amino acid sequence designs. Therefore, to further study the effect of different module designs on the synthesis of oilcore silica-shell nanocapsules, nanoemulsions prepared using either AM1 or SurSi at 400 µM were mixed with a silica precursor TEOS and reacted for 30 h under vigorous stirring. Figure 8 shows the representative TEM images of the products. When AM1 nanoemulsion was used as the template, massive aggregation of silica dominated (Figure 8a ), which was consistent with the silicification products observed in the AM1 bulk solution (Figures 7a, c) , indicating that there was no intrinsic difference between the biosilicification induced in bulk and at the interface. However, silica growth was directed exclusively at the surfaces of the SurSi nanoemulsion droplets, resulting in the formation of uniform silica nanocapsules with well-defined core-shell structure (Figure 8b ).
Despite having both emulsifying ability and biosilicification-catalyzing ability, AM1 failed to facilitate the formation of nanocapsules because of the aggregated structure of the silica produced.
However, peptide SurSi, which allowed the formation of isolated silica nanoparticles (Figure 7b,   d ), was able to facilitate the formation of well-defined silica nanocapsules (Figure 8b) , which demonstrated the critical and distinct roles played by the two modules in SurSi (surface-active module and biosilicification-active module). 
CONCLUSIONS
Two peptides SurSi and AM1 with different design principles were studied and compared systematically for their properties, including surface activity, emulsifying capacity and biosilicification activity. As a stimuli-responsive peptide surfactant, AM1 showed excellent surface activity, i.e., fast adsorption, very low interface tension and the formation of viscoelastic interfacial network. Therefore very stable nanoemulsions were formed using AM1. In comparison, SurSi having a highly cationic Si module showed a retarded adsorption kinetics and high interfacial tension at neutral pH due to the strong electrostatic repulsion. As a result, SurSi generated nanoemulsions with larger sizes and lower zeta potentials, and are less stable than that prepared by AM1. In terms of biomimetic silicification, AM1 and SurSi showed distinct results both in bulk solutions and at droplet interfaces. AM1 was only able to induce the formation of silica aggregates with irregular morphologies, thus no silica nanocapsules were made using AM1 nanoemulsion template. However, SurSi produced well-dispersed spherical silica nanoparticles in its bulk solution, and hence well-defined silica nanocapsules. The comparison between SurSi and AM1 leads us to better understand the role of the peptide sequence in affecting their surface activity, biosilicification activity and the formation of silica nanocapsules, which is of great importance for the future design of the bifunctional peptides for making core-shell nanomaterials having desirable properties.
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